Human errors are one of the major contributors of accidents. In order to improve the safety performance, human errors have to be addressed. Human Factors Analysis and Classification System (HFACS) has been developed as an analytical framework for the investigation of the role of human errors in aviation accidents. However, the HFACS framework did not reveal the relationships describing the effect among diverse factors at different levels. Similarly, its interior structure was not exposed. As a result, it is difficult to identify critical paths and key factors. erefore, an improved Human Factors Analysis and Classification System in the construction industry (I-HFACS) was developed in this study. An analytical I-HFACS mechanism was designed to interpret how activities and decisions made by upper management lead to operator errors and subsequent accidents. Critical paths were highlighted. Similarly, key human factors were identified, that is, "regulatory factors," "organizational process," "supervisory violations," "adverse spiritual state," "skill underutilization," "skill-based errors," and "violations." Findings provided useful references for the construction industry to improve the safety performance.
Introduction
Construction work is highly associated with safety hazards. In America, fatal injuries of the private construction sector were 937 in 2015, with 4 percent rise, which was the highest since 2008, ranking first among the 16 industry sectors [1] . In Britain, the rate of fatal injuries in the construction industry was more than 3.5 times the average mortality rate in all sectors in 2015 [2] . is is especially a major concern in developing countries [3] . According to the Ministry of Housing and Urban-Rural Development of the People's Republic of China (MOHURD), the new building area in China is more than 2 billion square meters, being the largest in the world. In 2016, the number of construction accidents in China rose 124.8% to 3523. is has shown that the safety in construction activities is severe and a significant challenge in China.
Health and Safety Executives concluded that human errors were responsible for over 80 percent of accidents [4] . Human errors were generally defined as ". . .situations where a sequence of planned events of spiritual or physical activities haven't been able to achieve the desired outcomes, and we can't attribute these failures to the intervention of some change agency" [5] . It is well recognized that human errors should be paid attention to in construction projects [6] . By settling human errors, statistics on accidents cases, injuries, and deaths in the construction sector are expected to be decreased [7] .
ere are two aspects of human errors-related issues [8] : the individual approach and systematic approach. Traditionally, the individual approach focuses on unsafe acts, which are viewed as resulting primarily from abnormal psychological issues such as lack of attention, negligence, carelessness, shortage of motivation, and recklessness. e systematic approach [9] views human errors as a consequence, rather than a cause. In the systematic approach, human errors have roots not lying in the aberration of human nature but in "upstream and latent" factors of the system [8, 10] . Compared to the systematic approach, the individual approach does not carry out the analysis of mishaps and near misses in detail. As a result, recurrent error traps will not be uncovered until the occurrence. Similarly, by revolving around the individual sources of human errors, the individual approach segregates unsafe acts from the systematic environment [8] .
erefore, the system approach should be adopted to examine human errors for the construction safety improvement [11] . Wiegmann and Shappell suggested that HFACS (Human Factors Analysis and Classification System), which was initially developed for aviation, was an open tool of systematic analysis and should be adjusted according to specific characteristics of different industries [12] . However, Dekker suggested there were some confusions between classification and analysis in HFACS. e simple categorization of failures does not have explanatory and persuasive power [10] . It is necessary to find the impact mechanism and interior structure of this framework. What is more, construction projects are resource-consuming. Constrained by limited resources, managers and researchers have devoted to effective allocation and utilization of resources [13] . To solve the distribution problem with limited resources, it is essential to identify critical paths, key factors, and priorities for managers [14] . erefore, the aims of this study are (1) to develop the modified and improved HFACS within the Chinese construction industry context and identify the impact mechanism and interior structure of it and (2) to identify the critical paths and key human factors affecting high frequency of occurrence of accidents in the construction industry based on this model.
Literature Review
Previous studies have examined factors of safety accidents from various perspectives. Chiu and Hsieh pointed out that human errors may be divided into two types: active human errors and latent human errors [15] . In 1950, Heinrich et al. advocated that accidents were caused by unsafe acts and unsafe conditions [16] . Motivated by this idea, construction safety management has concentrated on eliminating both areas [17] . Unsafe acts have been recognized as the direct and active reason for construction accidents [18] . As unsafe acts are often intentional, cognitive theory aimed to explain human acts by understanding thought processes [19] . A few notable research studies on workers' spiritual processes were taken towards unsafe acts, such as attitudes towards behaviors and risk perception [20] .
Reason clearly indicated that, in the most cases, unsafe acts (active human errors) were influenced by latent conditions before producing a loss [21] . Many research studies have investigated different working conditions and identified condition risk factors in construction projects influencing unsafe acts [22, 23] , such as inappropriate ground conditions and an unacceptably noisy or crowded environment [24, 25] . And Krivit et al. also suggested that most unsafe acts could also be traced back to supervision [26] . Meliá and Becerril demonstrated that factors related to the supervisors were cited by workers as important causes of their occupational stress in the construction sector [27] . Indeed, evidence has shown that organizational factors shaped the context that contributes to human errors [28] . Khosravi et al. identified the organizational factors, including policy and plan, safety climate and culture, project and job design, and resource management, having high evidence of associations with unsafe acts in the construction sector [29] .
A critical review of the previous studies of human errors showed that these various "upstream and latent" factors (e.g., site conditions, supervisions, and organizational factors) contributed to human errors. While these active and latent human errors are recognized related and intermingled, they were examined separately from one another in practice and did not provide a holistic framework that may help project managers handle the various policy, process, and personnel aspects that may affect construction safety [30] .
A number of human-related accident analysis methods have been developed to assist in comprehending how human errors occur. Yoon et al. classified these methods into four types in Table 1 by two criteria [31] . Reviewing human-related methods, we found HFACS (Human Factors Analysis and Classification System) provided a predetermined set of causal factors by incorporating various "upstream and latent" factors. Wiegmann and Shappell argued that HFACS had advantages of diagnosis, reliability, and comprehensiveness, particularly in large-scale and complex accidents [12] . One advantage of HFACS is its use of generic terms and descriptors that are applicable to a range of industries. However, HFACS was initially developed for aviation and the definition of each term may be diverse according to different industries. Many recent studies have evaluated the effectiveness of HFACS in various safety-critical domains which were aviation [32] , navigation [33] , coal mine [34] , railway [35] , and so on. us, HFACS provides a useful tool for analyzing human factors of construction accidents and can be adjusted and improved according to specific characteristics of the construction industry.
e fundamentals of HFACS lied in the theory of Reason's GEMS which was often referred to as the "Swiss cheese model" [36] . GEMS depicted errors as arising from holes at four levels, beginning with the operator, and working up through the system to organizational conditions [36] . According to this model, active failures combine with latent conditions upstream in the organization to lead to an accident. Active factors occur just before the accident and have 2 Advances in Civil Engineering traditionally been most often cited as the cause of an accident. Latent factors often exist for years and may never be associated with an accident or identified as a safety issue, unless they are explicitly examined [36] . e advantage of this model is bringing these human errors together into a systematic and integrated framework. However, "Swiss cheese model" did not explain the exact meaning of the "hole" in the cheese; that is, there was no illustration of what the defects of each level were. To remedy this, Wiegmann and Shappell developed HFACS, in which unsafe acts were produced by a group of underlying and potential factors of the unsafe precondition and unsafe supervision and organization [37] . Unsafe acts were active factors, involving violations and errors. e preconditions draw a picture of the substandard and aberrant conditions and performances of operators. Unsafe supervision traced the cause-effect chain of events spawning unsafe acts up to front-line supervisors. Organizational influences involved failures in activities and decisions made by the upper management that had an impact on the performance of the supervision, along with preconditions and operations of workers.
In the construction industry, Hale et al. have proposed an extended HFACS framework based on a study of a small sample reported from the UK Health and Safety Executive [38] . However, that study did not reveal the relationships among diverse factors at different levels and identify critical paths and key factors in the proposed framework. First, the traditional HFACS has a few limitations. Dekker suggested that the framework merely repositioned human errors by shifting them from the forefront to higher up in the organization instead of finding solutions for them [10] . To remedy this, several studies have revealed the relationships describing the effect among diverse factors at different levels in the framework [39] . However, they did not explain whether the factors at the same level may also be associated. Second, it is well known that a construction project is the process of resource consumption. Especially for large projects, the type of consumption of resources is various and the quantities are large [13] . e process of the resource allocation seeks to find an optimal allocation of a limited amount of resources to a number of tasks for optimizing their objectives subject to the given resource constraint. During the construction process, the project cannot be sustained to meet the various requests for resources due to the interference of various uncertain factors. e limitedresource allocation problem arises in many construction projects when there are different limitations on the amount of resources available to the managers [14] . It is significant to rationally make use of the resources in the construction process and allocate the resources in the key areas that can raise the level of safety [40] . To solve the distribution problem with limited resources, the objective is to assign priorities to the project activities based on measures obtained from the critical paths and key factors [14] . Figure 1 shows the research process and methods in this study. e entire research process consisted of two steps: in stage-1, the initial HFACS framework in the construction industry was developed through modifying the HFACS level and subcategories based on a critical review of existing studies. Consequently, a literature review was carried out to identify the definition and specific performance of each subcategory based on the initial HFACS framework, and consistency check was done to confirm the final improved HFACS framework (I-HFACS). en, in stage-2, an empirical study of 150 accident cases (the selection of 150 sample cases is shown in Section 3.3.1) was conducted to collect data applying the I-HFACS framework. Subsequently, frequency analysis was undertaken to identify the relatively important human factors. Lastly, reviewing available statistical tests (as seen in Table 2 ), the chi-square test was selected to test the associations between the subcategories at the adjacent levels and the same levels because of the binomial data in this study.
Methodology

Research Design.
us, the chi-square test was conducted to reveal the interior structure. Based on the important human factors identified in frequency analysis and the associations between subcategories, we could further identify the critical paths and key human factors.
Consistency
Check. Olsen and Shorrock suggested that different observers may have inconsistent ideas in the same phenomenon among themselves [42] . Meanwhile, there might be incongruous understanding between items of the I-HFACS framework and construction safety accident reports. is may lead to different results from different analysts to the same accidents. erefore, analysts need to be trained to ensure their results are consistent, which paves the way for the subsequent empirical study. e procedure of consistency check is shown in Figure 2 .
e definition of subcategories of the initial version of the I-HFACS framework was drawn from the literature review. First, a random selection without repetition of Advances in Civil Engineering 3
10 Chinese construction safety accident reports from 150 sample cases (the selection of 150 sample cases is shown in Section 3.3.1) was regarded as research objects. e procedures to conduct random selection without repetition by Excel were described as follows: (1) code the 150 sample cases from 1 to 150 and suppose the group from which the selection has to be made is in A1:A150; (2) then, in the adjacent column, enter the formula � RAND(); and (3) e training programs contained a detailed introduction, explanation, and description of the I-HFACS framework, each I-HFACS level, and individual I-HFACS subcategory. Each analyst independently worked on the 10 case accidents and worked on each accident report iteratively. For each analyst, if the cause of the sample case was related to some subcategory of the I-HFACS framework, the analyst coded "1." If not, the analyst coded "0." Each I-HFACS subcategory was calculated a maximum of one time for each case. us, this count was simply conducted as an indicator of the existence or nonexistence of each subcategory within a given sample case. Finally, Cochran's Q test was conducted to determine the improved HFACS framework (I-HFACS). In Cochran's Q test, if P < α, it means that 9 analysts had not yet reached an agreement on the perception of each subcategory. As a result, 9 analysts should be retraining and the definition of each subcategory would be modified until P > α. Ultimately, the improved HFACS framework (I-HFACS) was confirmed based on which multiple-case analysis was applied.
Multiple-Case Analysis
Sample Cases.
e procedure of data collection is shown in Figure 3 . Firstly, severe construction safety accidents between 2000 and 2016 were obtained from MOHURD, in a total of 430 cases. e severe construction safety accident was defined as the accidents of more than 3 and less than 10 deaths or more than 10 and less than 50 seriously injured people or direct economic losses being between 10 million and 50 million RMB (between 1.6 million and 8 million USD). However, 150 accident reports out of 430 were available in the public domain. For relatively small population (less than 1000), a larger sampling rate (about 30%) is needed in the demand of higher accuracy [43] . e 150 cases were 34.9% of the 430 cases, meeting the sampling rate.
us, 150 case reports were taken as research objects. e types and number of 150 construction safety accident cases are presented in Table 3 . Collapse and high-altitude falling were the main types of construction accidents. In particular, collapse accounted for 61.33% of the total number of severe accidents.
Data Analysis.
Secondly, based on the I-HFACS framework, 9 analysts, who shared a common and identical understanding of the classification process and I-HFACS subcategories, coded these 150 sample cases. e principle of the coding was the same as in Section 3.2. Scores of 9 analysts were compiled. If each accident case scored more than 6 points in the same subcategory, which means 60% of the 9 analysts believed that the cause of the construction safety accident case was related to the subcategory of the I-HFACS framework for accident causes (more than 60% of the total is the majority or the greater part in Wikipedia), we code "1," otherwise "0." en, the data collected from the 150 cases were counted. Subsequently, frequency analysis was conducted to identify the relatively important human factors. e chi-square test was undertaken to highlight the associations between the subcategories at the adjacent levels and the same levels in the I-HFACS analytical framework. Lastly, based on the important human factors identified in frequency analysis and the associations between subcategories, the critical paths and key human factors were consequently identified.
Development of the Improved HFACS (I-HFACS)
One Level Added and Some Subcategories
Adjusted. e initial HFACS framework was modified according to specific characteristics of the construction industry, for example, the added level and the adjustment and modification of categories and subcategories ( Figure 4 ). e changes from the original model are shown in grey boxes. e fifth-(or the top-) level "external factors" were added, which meant to capture the impact of safety deficiencies outside the scope of organizations. Meanwhile, "external factors" include "regulatory factors" and "economic/political/social/legal environment." Reinach and Viale noted that the regulatory environment contributed to an accident, even though indirectly [44] .
e inadequacy of the regulatory environment may lay a breeding ground for inertia and fluke mind of main bodies in construction [45] . Besides, Khosravi et al. identified the role of the economic/political/social/legal environment in unsafe acts [29] . e response of the client under these factors will present a few constraints, in which parties involved in the project have the potential to act unsafely. e process of cause and effect tends to restrain front-line operators through inapposite construction plans and control programs, resulting in improper preconditions and actions [25] . Advances in Civil Engineering"Organizational climate" was replaced with "safety culture" in level 4. In fact, there has always been confusion between safety culture and safety climate [46] . Teo and Feng argued that safety climate was not an alternative to safety culture [47] . Safety climate is the outward appearance of safety culture and a time-dependent phenomenon, prone to change and relatively unstable [48, 49] . Safety culture is the outcome of group and individual perceptions, values, competencies, and behavior patterns. e characteristics of organizations with a positive culture are communicating based on mutual trust, through identical recognitions of the significance of safety and conviction in the effectiveness of precautions [50] .
erefore, "organizational climate" was replaced by "safety culture."
In the third level of HFACS, there were 2 changes: (1) merging the three subcategories ("inadequate supervision," "planned inappropriate operations," and "failure to correct a known problem") of the traditional HFACS into "on-site management defects." Shohe and Laufer suggested supervisors were the role players who help with the organization and promotion of daily construction management [51] . Kim et al. indicated that site supervision, plan management, and correcting a known problem were three important functions of on-site management [52] .
us, we merged the three subcategories into "on-site management defects"; and (2) adding a subcategory "inadequate design work" to this level. Many researchers summarized management performance of project managers into system design and supervisory control [53] . Having the proper planning in conjunction with security management in the construction prophase can greatly reduce the occurrence of accidents [54, 55] . Qingren et al. pointed out that design work of project managers was to provide guidance for construction workers by making a variety of specifications, procedures, schemes, and plans [56] . erefore, this subcategory (i.e., "inadequate design work") was added in this study.
e second level of the traditional HFACS included "environmental factors" (physical environment and technological environment), "condition of individuals" (adverse mental states, adverse physiological states, and physical/mental limitations), and "personal factors" (crew resource mismanagement and personal readiness). According to the characteristics of the construction industry, it is well recognized that unsafe acts of operators should be examined from the perspective of "man-machine environment" [57, 58] . e specific changes of the subcategories included the following: (1) "condition of individuals" and "personal factors" were merged into "status of operators." "Status of operators" involved "adverse spiritual states," "adverse psychological states," "adverse physiological states," and "skill underutilization." In the construction industry, apart from psychological and physiological states [59, 60] , skill underutilization was also found to cause accidents [61] . Many researchers maintained that spiritual states and psychological states were the same thing. However, according to the confusion in psychology (the word "psychology" that originates from psyche is regarded as "spirit") and based on the localization research orientation (the psychology belongs to the inner world of one's mind, while the spirit is the outer one), this study considered that "psychology" equating to "spirit" was unsuitable in psychology [62] and "status of operators" should involve "adverse spiritual states" and "adverse psychological states"; (2) "tools and equipment" involved "design defects" and "improper use and operation." Numerous studies reported that man-machine ergonomics was overlooked in the design of mechanical equipment and safety warning signs, which did not match with behavior rules of workers' sense of touch, attention, and reaction speed [58, 63] . In addition, Choudhry and Dongping found that workers may go against operating instructions because of time and labor savings [64] . erefore, "tools and equipment" included "design defects" and "improper use and operation"; and (3) "environmental factors" in the traditional HFACS included the technological and physical environment. However, in the construction industry, "environmental factors" refer more to the physical environment of the construction site. Similarly, the technological environment emphasizes on the quality of inspection and maintenance and equipment operability which were involved in "tools and equipment." us, environmental factors of the traditional HFACS were changed into "physical environment."
e Definition of Each Subcategory.
Having developed the initial HFACS framework in the construction industry, the improved HFACS in construction (I-HFACS) based on the initial HFACS framework was needed to be established. rough a critical review of literature [18, 38, [64] [65] [66] [67] , this study identified the initial version of the I-HFACS framework according to the following 3 principles: (1) all detailed items reflect the subcategory they belong to; (2) there is a distinct division among different detailed items; and (3) all detailed items are clear and not ambiguous.
en, the consistency check was carried out to confirm the final improved HFACS framework (I-HFACS). Cochran's Q test was undertaken in this step to assess whether different observers in the same phenomenon had consistent results amongst themselves (i.e., interobserver variability). For the significant level α, if P value is more than α, there are identical effects among the 9 analysts. If P value is less than α, there are not [68] . Cochran's Q test was run in SPSS 19.0. We defined α � 0.05; the analytic results based on the initial version of the I-HFACS framework showed "P value � 0.02 < α � 0.05." Based on analytic results, the initial version of the I-HFACS framework was adjusted and 9 analysts should be retraining. en, 9 analysts performed a second round of accident analysis. After 3 rounds of iterations, the analytic results showed "P � 0.059 > α � 0.05," which came to an agreement on the perception of each subcategory. Finally, based on the ultimate version, 9 analysts analyzed the 10 construction safety cases. e results are shown in Table 4 . It demonstrated that all analysts had identical effects, indicating the ultimate version of the I-HFACS framework was the effective basis for analysis of construction safety accidents.
e final version of the I-HFACS framework is shown in Table 5 .
e Interior Structure.
e chi-square test was conducted to estimate the statistical strength of associations between subcategories at the adjacent levels and the same levels of I-HFACS. In chi-square (χ2) analysis, if P value is small (P < 0.05), the null hypothesis (H 0 ) will be rejected and the alternative hypothesis (H a ) should be accepted. is indicates there are significant associations, and vice versa. Meanwhile, effective chi-square (χ2) analysis requires less than or equal to 25 percent of theoretical frequency that has expected count less than 5, or significant Fisher's exact tests if more than 25 percent of it. Based on the theoretical assumptions of the HFACS framework, subcategories at downward levels are dependent on subcategories at upper levels and cannot adversely influence upper subcategories [69] . Higher levels in the I-HFACS are deemed to cause changes at the lower levels, thus going beyond what may be deemed a simple test of co-occurrence between subcategories [70] . en, odds ratio (OR) was used to estimate the probability of the existence of one I-HFACS subcategory associated with another subcategory concomitantly existing. In OR analysis, when the OR value is greater than 1, it can be seen that downward-level subcategories are more likely to occur when upper-level subcategories are in place. In a more technical language, the OR value is a measure of effect size, describing the strength of associations or nonindependence between two binary data values [71] . In this study, chi-square (χ2) analysis was carried out using SPSS 19.0. We selected the associations in the condition of P < 0.05 and OR > 1. ese significant associations are summarized in Tables 6  and 7 .
As for the analysis of upper-level and adjacent downward-level subcategories in the I-HFACS framework, analysis of the strength of associations at the "external factors" level and "organizational influences" level showed 3 pairs of significant associations (P < 0.005). In particular, "safety culture" was over 17 times more likely to occur when there were "external factors" issues associated with "regulatory factors." At I-HFACS level 4 and level 3, there were also 3 pairs of significant associations. Of these comparisons, over 6 times more likely, "on-site management defects" occurred in the presence of "organizational process" at the organizational level. Level 3 "unsafe supervision" and the adjacent downward-level "preconditions for unsafe acts" suggested 4 pairs of relationships. As for the OR value, "skill underutilization" was around 4 times more likely to happen in the existence of "supervisory violations." ere were 6 pairs of evident relationships between level 2 and level 1. Particularly, inspection of the associated odds ratios showed more than 4.5 times increase in the likelihood of "skill-based errors" in the presence of "skill underutilization," and "perceptual errors" were around 4 times more likely to emerge when "poor physical environment" existed.
As for the analysis of the same-level subcategories in the I-HFACS framework, there were 6 pairs of significant associations existing. Of these comparisons, the OR values of "regulatory factors × economic/political/social/legal environment," "adverse physiological states × physical environment," and "adverse spiritual states × skill underutilization" were relatively high, describing the relative high strength of associations.
Understanding the Human Factors by
Applying I-HFACS
e Identification of Important Human Factors.
In statistics, the absolute frequency of each I-HFACS subcategory was the number of times the I-HFACS subcategory occurs in the 150 sample cases. ere were a total of 1308 instances of failures indicating the contributing factors in 150 sample cases by the use of the I-HFACS framework. Statistical analysis results showed that 294 instances of errors, 22.5 percent of all, were found at the "unsafe acts" level. Failures at this level were implicated in 96.7% (145) of accidents. e most frequent subcategories at the "unsafe acts" level were skill-based errors (64%) and violations (78.7%). ere were 344 (26.2%) instances of failures in total, with 91.3% (137) of all accidents analyzed at the "preconditions for unsafe acts" level. e preconditions most commonly entailed were "adverse spiritual states" (67.3%), followed by "skill underutilization" (51.3%). At level 3 "unsafe supervision," there were 323 (24.7%) instances of failures, involved in 100% (150) of sample cases. All factors at level 3 were very generally existing, with "on-site management defects" (94.7%), "supervisory violations" (65.3%), and "inadequate design work" (55.3%). At the "organizational influences" level, 239 (18.3%) instances of failures were on the record, involved in 87.3% (131) of sample cases. e most frequent factors of level 4 were "organizational process" (65.3%) and "safety culture" (56%). In the data set, failures at the "external factors" level were 108 (8.3%) instances, with "regulatory factors" (64%) being the most common factor in level 5, implicated in 64.7% (97) of all accidents analyzed.
e results in Figure 5 indicated that firstly the addition of added level 5 in this study, external factors, was of significance. Meanwhile, all levels made a great difference to construction accidents, and human factors in a low level accounted more for contribution of accidents, especially level 3 unsafe supervision.
en, this study defined the relatively important subcategories using the Pareto principle.
e 11 important factors reflecting significant information are demonstrated in Figure 6 . A total of 1042 frequencies were around 80 percent of the whole 1308 instances of human errors according to the Pareto principle.
ese important human factors were "regulatory factors" in level 5, "safety culture" and "organizational process" in level 4, "inadequate design work," "on-site management defects," and "supervisory violations" in level 3, "adverse spiritual states," "skill underutilization," and "improper use and operation" in level 2, and "skill-based errors" and "violations" in level 1.
Note that I-HFACS levels may add up to more than 100% as more than one subcategory at a given level can be identified for each case.
e Critical Paths and Key Human Factors.
Based on the 11 important human factors identified in frequency analysis and the associations between subcategories, we could further identify the critical paths and key human factors. Unsafe acts (human errors) are the direct factors and responsible for over 80 percent of accidents, of which "skill-based errors" and "violations" are the key factors in level 1 [4] . For the reason that latent factors are hard to be associated with an accident or explicitly examined [36] , we can track key latent factors on the basis of the key human errors that have been identified [69] .
en, "adverse spiritual states" and "skill underutilization" were defined as the key human factors in level 2, which associated with the key factors in level 1. In level 3, although "inadequate design work" had the association with "supervisory violations," the OR value of which indicated a relatively low effect size. And "supervisory Advances in Civil Engineeringviolations" in level 3 had effects on both the two key factors in level 2. Similarly, tracking to the upper level according to the key factors in the adjacent downward level, "supervisory violations" in level 3, "organizational process" in level 4, and "regulatory factors" in level 5 were identified the key factors. us, the critical path was the overall link, as seen in Figure 7 , which responded positively to Reason's hypothesis and indicated actions could be taken from these "upstream and latent" factors of the system to reduce and prevent unsafe acts. e original decisions and acts at the highest levels in regulation originally had effects on "organizational processes" in level 4. Poor "organizational processes" were associated with "supervisory violations" at the level of "unsafe supervision," which showed significant statistical associations with "adverse spiritual states" and "skill underutilization" in level 2, and hence indirectly were ultimately at the root of "skill-based errors" and "violations" resulting in accidents.
Discussion
is study explored the application of an improved HFACS (I-HFACS) to guide accident analysis and make a better understanding of the safety implications of human errors in construction. is model enabled to accommodate not only the low level of unsafe acts (active failures) but also higher levels-the preconditions, supervision, organizational influence, and external factors (latent failures). Specifically, all subcategories within the I-HFACS framework were observed in accident cases, which indicated its ability to capture contributing factors and suggested HFACS was applicable for construction accidents if being modified and improved. Secondly, it can be observed that the added fifth (or the top) level called "external factors" was identified in accident reports, and "external factors" had influence on unsafe acts from a practical aspect. is finding suggested that it was necessary and practical to add such a highest level in the I-HFACS framework. irdly, the vast majority of I-HFACS subcategories had a relatively common occurrence in Figure 6 , and only 2 subcategories had low frequencies of occurrence (below 10%). It can be interpreted the low numbers may report either the sensitivity of issues ("inadequate design work") or handling with a less tangible issue ("economic/ political/social/legal environment"). ese findings showed a strong evidence for the system approach and Reason's model of human factors.
is study also made a contribution to providing quantification evidence to reveal an analytical I-HFACS mechanism to interpret how activities and decisions made by the upper management led to operator errors and subsequent accidents. Such a mechanism also helped to identify the critical paths and key factors, illuminating the redesign of safety guidelines in the construction industry and helping construction managers with better decision-making.
"Regulatory factors" were of great importance in level 5. Feng found out that if a firm had satisfied the minimal safety requirement set by government regulations, increased investments in the more cost-effective elements (e.g., accident investigations and safety inspections) would yield much greater benefits [72] . Recurrent issues emerged from the data involved poor performance and enforcement of administrative duties. "Regulatory factors" showed a high relationship with "safety culture" in this study. Previous studies have reported that incomplete regulatory standards and poor enforcement were critical factors for determining safety culture and practices of organizations in the construction industry [38, 73] . Findings in this study demonstrated "regulatory factors" had the potential to create the conditions where organizations are able to establish effective structures. "Regulatory factors" could provide the reference guidelines for policies, norms, and culture to make organizations' safe performance and accident prevention possible [74, 75] . erefore, enhancing the governments' regulation and making regulators' inspections and enforcement effective are required. "Organizational process" was a key factor in level 4. It can be observed that "regulatory factors" were associated with inadequacies in the "organizational process." Poor "organizational processes" were associated with "supervisory violations" at the level of "unsafe supervision," which showed significant statistical associations with "adverse spiritual states" and "skill underutilization" in level 2, and at the end of several errors (i.e., "skill-based errors" and "violations") in operation of workers contributing to accidents, albeit indirectly. is overall link was the critical path in this study, and this finding responded positively to Reason's hypothesis; that is, failures in upper-level management had a negative impact on supervision, which successively affected preconditions and follow-up operations. For the "organizational process" subcategory, from the data of accident reports, ineffective procedures and contingency plan and excessive emphasis on other purposes rather than safety management were common failures. Previous studies also highlighted the importance of the "organizational process" affecting supervision [34] . Li and Harris argued welldeveloped organizational processes were essential to safety management systems [39] , and safety commitment in the supervisory level was supposed to be right from the organization of upper levels [21] . erefore, findings of this study suggested that assessment and renovation of procedures should be made and implemented for safety management.
"Supervisory violations" were a key factor at the supervision level. According to the collected data, frequent violating behaviors of supervisors in construction projects included authorizing processes that were not up to the standard, failing to enforce rules and regulations, authorizing workers to undertake dangerous construction works, and conducting supervision without qualifications. e front-line supervision will affect their workers' attitude and behavior towards safety [76] . In this study, "supervisory violations" had the associations with "adverse spiritual states" and "skill underutilization." e paths of significant associations revealed this connection. "Supervisory violations" may affect the way individuals and team members handle in the workplace, together with their ability to make decisions based on the risk perception profile of both the Advances in Civil Engineeringsupervisor and the entire team. Li and Harris also observed that supervision was the key area and link between the upper management of the organization level and the downward precondition level [39] . Guidelines for enhancing supervision suggested ensuring the appropriate individuals were selected for supervisory roles, providing appropriate training based on the competencies required, and the continual monitoring and assessment of the supervisory system in place appear to be particularly pertinent in this case [77, 78] . e key factors of level 2 were "adverse spiritual states" and "skill underutilization," and the issues of "skill-based errors" and "violations" were essential at level 1. Systems theory advocated that exclusions of "upstream and latent" failures were advisable for dealing with operators' unsafe acts. Several significant relationships existed between psychological issues and errors and violations committed by construction workers.
is, to some extent, supported Reason's assertion of a "many-to-one" mapping of psychological conditions and operations [21, 69] . Wenner and Drury also believed violations and errors could be removed by ensuring a favorable physical environment of the preconditions as well [79] . Furthermore, the associations between "adverse spiritual states," "skill underutilization," and "supervisory violations" interpreted that "skill-based errors" and "violations" (the key factors at level 1) could be addressed by tracing the upper level of supervision. Recurrent issues in cases involve distractions, weak safety consciousness, poor safety attitude, and excessive selfconfidence in the "adverse spiritual state" subcategory and inadequate experience and inadequate safety knowledge and skills in the "skill underutilization" subcategory. Moreover, Reason asserted that, in most accident databases, violations were far more common than errors, as shown in Figure 6 [69]. Violations were categorized into unintentional and deliberate violations. Results of this study showed that unintentional violations were able to be addressed by enhancing awareness though supervision and training programs. Similarly, deliberate violations have become an acceptable part of the program and even managers often took the attitude of tolerance [79] . is suggested the most efficient way to solve the issues of deliberate violations was guaranteeing the representing procedures, such as program evaluation and redevelopment of supervision and organization levels, as found in this study.
Conclusions
is study enriched the application of HFACS for examining construction accidents. An analytical I-HFACS mechanism was proposed to gain a better understanding of how activities made by upper management lead to operator errors. is study highlighted the critical paths, which were the overall link.
e original decisions and acts at the highest levels in regulation originally had effects on "organizational processes" in level 4. Poor "organizational processes" were associated with "supervisory violations" at the level of "unsafe supervision," which showed significant statistical associations with "adverse spiritual states" and "skill underutilization" in level 2, and hence indirectly were ultimately at the root of "skill-based errors" and "violations" resulting in accidents. e result showed clearly defined statistically described paths that related errors with inadequacies at both the immediately adjacent and also higher levels in the organization and regulation. To reduce significantly the accident rate, these "paths to failure" relating to these organizational and human factors must be addressed. is suggested that only by understanding the context that induced unsafe acts could prevent the occurrence of accidents, and it would be more efficient if actions could be taken from these "upstream and latent" factors of the system.
And this study also identified the 7 key factors, "regulatory factors," "organizational process," "supervisory violations," "adverse spiritual state," "skill underutilization," "skill-based errors," and "violations," which suggested that, under the circumstances of limited resources, it would be more effective to focus on the critical paths and key factors for the improvement of construction safety performance.
is study satisfied the need to redesign safety guidelines in the construction industry and helped construction managers with better decision-making. Further work can be undertaken to establish if a similar pattern of results is found in other countries and cultures.
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